Abstract Hereditary hemorrhagic telangiectasia (HHT) is a hereditary condition that results in vascular malformations throughout the body, which have a proclivity to rupture and bleed. HHT has a worldwide incidence of about 1:5000 and approximately 80 % of cases are due to mutations in ENG, ALK1 (aka activin receptor-like kinase 1 or ACVRL1) and SMAD4. Over 200 international clinicians and scientists met at Captiva Island, Florida from June 11-June 14, 2015 to present and discuss the latest research on HHT. 156 abstracts were accepted to the meeting and 60 were selected for oral presentations. The first two sections of this article present summaries of the basic science and clinical talks. Here we have summarized talks covering key themes, focusing on areas of agreement, disagreement, and unanswered questions. The final four sections summarize discussions in the Workshops, which were theme-based topical discussions led by two moderators. We hope this overview will educate as well as inspire those within the field and from outside, who have an interest in the science and treatment of HHT.
colleagues revealed that DROSHA, a gene involved in miRNA biogenesis, may play a role in HHT. DROSHA variants identified in HHT patients with no known mutation disrupted microRNA biogenesis and caused vascular leakage in vivo.
Marchuk and colleagues (see Abstract OR12) reported on the challenges of using exome sequencing to identify new HHT causative genes. Using an innovative statistical approach, they concluded that high standards are necessary to label a gene mutation as causative versus part of the overwhelming ''sea of variant noise'' in such datasets. Instead of looking for new HHT genes, VanSant-Webb and colleagues (see Abstract OR14) showed that many HHT patients with no known genetic cause may have a deleterious non-coding region variant in a known HHT gene. Additional experiments may reveal that non-coding regions play a larger role in HHT disease pathogenesis.
Improving HHT molecular diagnostics
With the advent of next generation sequencing (NGS), a new era for HHT molecular diagnostics has begun [5] . Brusgaard and coworkers (see Abstract OR17) and Wooderchak-Donahue and coworkers (see Abstract OR21) described how they established multi-gene NGS panels for the rapid molecular diagnosis of HHT. Molecular diagnosis may become instrumental in guiding future therapies as only certain HHT mutation carriers may be eligible to receive ataluren, a treatment currently in clinical trials for other genetic disorders (see Abstract OR43) [6, 7] .
BMP9 and HHT
Bone morphogenetic 9 gene (BMP9/GDF2) mutations were recently identified in several individuals suspected to have HHT who previously tested negative for ENG, ALK1, and SMAD4 mutations [8] . Because BMP9 mutations affect a much smaller number of HHT-like patients [8] , it's not surprising that Torring and coworkers (see Abstract OR31) did not identify any BMP9 mutations in 12 Danish HHT families who previously tested negative for a known HHT gene mutation. Interestingly, Friesel and coworkers (see Abstract OR28) described new links between BMP9 signaling and the Hippo pathway which may reveal novel mechanisms in the etiology of HHT.
Expanding the genotype-phenotype overlap observed among HHT and pulmonary arterial hypertension (PAH) patients [9] , Bailly and coworkers (see Abstract OR29) reported on the potential involvement of BMP9 in PAH. Although BMP9 is the most potent ligand of the ALK1/ BMPR2 signaling pathway, their preliminary results suggest that Bmp9 knockout mice are surprisingly protected against the development of pulmonary hypertension under hypoxic conditions. It will be interesting to explore the mechanism behind this unexpected observation.
Understanding molecular mechanisms in HHT to drive therapeutic discovery
Can HHT be treated by upregulating the remaining normal copy of the gene to potentially restore normal protein levels? Oh and coworkers (see Abstract OR18) showed that ALK1 upregulation suppressed the characteristic development of wound-induced skin arteriovenous malformation (AVM) formation in Eng-deficient mice. These data support the concept that endoglin and ALK1 are part of a linear signaling pathway involved in the proper formation of arteriovenous interconnections through capillary beds. Potentially, ALK1 over-expression/activation could be an effective therapeutic strategy for HHT1 patients.
Multiple investigators explored how wound healing and inflammation can ''trigger'' the development of HHT vascular lesions. Oh and Kim (see Abstract OR37) revealed how macrophage recruitment rather than angiogenic stimulation plays a critical role in the formation of AVM in Alk1-deficient wounded skin. Su and colleagues (see Abstract OR38) described how the consistent infiltration and pro-inflammatory differentiation of HHT mutated monocytes contributes to the pathogenesis of AVM formation. Bernabeu and coworkers (see Abstract OR56) revealed that a complex gene expression network is triggered during vascular wounding involving KLF6 and MMP14 to drive soluble endoglin release in sprouting endothelial cells surrounding the wound border. Finally, Nachtigal and coworkers (see Abstract OR3) showed that inflammation results in reduced expression of the membrane-bound form of endoglin and endothelial nitric oxide synthase (eNOS), and that atorvastatin, a drug that prevents inflammation, induced eNOS expression and upregulated endoglin levels in endothelial cells. Collectively, these findings demonstrate that inflammation is involved in the formation of HHT lesions.
Ola and coworkers (see Abstract OR45) investigated AVM formation during development using a mosaic, tamoxifen-inducible endothelial cell-specific Alk1-deficient mouse model. Targeting VEGFR2 signaling rescued AVM formation in the retinal vasculature. Their results indicate that downstream VEGFR2 signaling targets such as AKT1 may be a novel means to treat HHT vascular malformations.
Because Notch and ALK1 signaling have been shown to interact [10] , several investigators explored if Notch signaling plays a role in HHT AVM pathogenesis. Roman and coworkers (see Abstract OR55) demonstrated that AVMs in alk1 mutant zebrafish arose independently of perturbations in Notch signaling, suggesting that Notch signaling may not be critical for AVM formation in HHT. However, Huang and coworkers (see Abstract OR54) reported that NOS inhibition attenuated the formation of Notch-mediated brain AVM formation in vivo. Further investigation may reveal novel mechanisms underlying brain AVM formation in HHT.
New approaches to study HHT biology
Several innovative approaches to study cell signaling in HHT were discussed. Orlova and coworkers (see Abstract OR16) revealed how they developed a human system to model HHT1 endoglin deficiency using patient-derived induced pluripotent stem cells (iPSCs). These HHT1 patient-specific iPSCs represent a renewable, scalable source for endothelial cells to model disease for future studies. Next, Bowers and coworkers (see Abstract OR1) described an assay using three-dimensional endothelial cell matrices to interrogate capillary network formation. Such assays can be used to more clearly define the underlying pathogenic basis for vascular anomalies in HHT.
Moving forward
Certain questions remain unanswered regarding the molecular pathogenesis of HHT. For *15 % of HHT patients who do not have an identifiable mutation, are additional causative genes or genetic modifiers contributing to their phenotype, or are deep intronic regulatory variants in known HHT genes responsible? Second, what dictates the formation of AVM in HHT? Is AVM formation caused by developmental defects and a loss of expression of both relevant gene copies (i.e. second somatic hit in the lesion), or is AVM formation driven by vascular wounding and inflammation? Answers to these questions will help define the course for future pharmacological interventions to help treat HHT patients world-wide.
Summary of clinical talks

Mary E. Meek and Sebastiaan Velthuis
Diagnosis of HHT
Recurrent, spontaneous epistaxis and telangiectases are diagnostic criteria for HHT, but the optimal clinical application of these criteria is unknown. McDonald and colleagues (see Abstract OR13) studied the incidence of telangiectases and non-traumatic epistaxis in 189 non-HHT patients. The median number of epistaxis in non-HHT patients was 1 every 2 years with 95 % of patients having \2 per month. Furthermore, 95 % of patients had B3 telangiectases. They proposed new ''cut-offs'' for diagnostic criteria of [2 epistaxis/month and [4 telangiectases in characteristic sites.
Geisthoff and colleagues (see Abstract OR60) presented a retrospective review of patients with HHT, comparing the age of onset of symptoms to the age at diagnosis. They found a mean age of symptoms at 25 years but 11 % did not develop symptoms until after age 50. This re-emphasizes the importance of genetic testing as there may be a delay in symptom presentation.
McDonald and colleagues (see Abstract OR20) evaluated the clinical sensitivity of genetic testing in patients who had 3 or more Curaçao criteria for the diagnosis of HHT. When the criteria were strictly applied, 96 % of those patients had either an ENG or ALK1 mutation.
Use of contrast echocardiography to diagnose pulmonary arteriovenous malformations
Pulmonary arteriovenous malformations (PAVM) are lowresistance, high-flow abnormal vascular structures that most often connect a pulmonary artery to a pulmonary vein resulting in right-to-left shunt (RTLS) [11] . The normal pulmonary capillary network measures 8-10 microns in diameter, which acts as a filter. PAVM predispose patients to complications from paradoxical systemic embolization of both thrombotic and septic origin, including stroke and brain abscess [12] [13] [14] [15] . Transthoracic contrast echocardiography (TTCE) is the first-line screening technique for the detection of PAVM in HHT [16] .
TTCE is usually performed by injecting agitated saline, which is flushed between syringes to create microbubbles. Gelofusine has been described as an alternative contrast agent with higher density and potentially smaller and more stable microbubbles. Parra and colleagues (see Abstract OR49) prospectively compared TTCE using agitated saline versus Gelofusine in 120 HHT patients. They found poor agreement between the two contrast agents (Kappa 0.32) and a higher shunt grade with Gelofusine. As chest computed tomography (CT) can be deferred in patients with minimal or no shunt on TTCE [17] , the use of Gelofusine may result in more unnecessary chest CT scans.
Jyothidasen and colleagues (see Abstract OR51) reported increased accuracy in differentiating cardiac versus intrapulmonary shunts on TTCE by looking for a ''ramping up'' pattern of contrast appearance. This is an important observation, especially in those challenging cases with early appearance of microbubbles within three cardiac cycles after entering the right ventricle, and helps distinguishing large proximal PAVM from cardiac shunts like a patent foramen ovale.
Previously, there have been concerns about the safety of TTCE, as the injection of a small amount of air (0.5-1 ml) may impose risk for systemic air emboli in patients with Angiogenesis (2015) These presentations prompted much discussion regarding the establishment of a longer screening interval in low grade shunts and potentially not rescreening adult patients who were initially negative. The importance of low grade RTS is further obscured by the findings that 6-28 % of the normal population has a low grade positive TTCE [17] [18] [19] .
Diederik and colleagues (see Abstract OR41) presented their findings of a 28 % reperfusion rate after PAVM embolization in 293 adults with HHT. They found that treatment success depended more on the location of embolization and type of PAVM rather than on the material used, as there was no difference between the use of coils or plugs. It was also suggested that embolization of the PAVM sac itself instead of its feeding vessel might be more effective to prevent reperfusion, especially in the more complex PAVM, but some experienced interventional radiologists in the audience disagreed.
Trerotola and colleagues (see Abstract OR27) emphasized the need for new consensus criteria by demonstrating the lack of consensus in his survey results of HHT Centers worldwide regarding the management and follow-up of PAVM with feeding arteries \3 mm. The results of this survey showed wide variability among clinicians regarding screening methods and interval, recommendations regarding embolic protection (IV filters, antibiotics), and size criteria for embolization.
Management of PAVM in children
Unlike the adult HHT population, comparative studies on PAVM in children with HHT are lacking and therefore the optimal screening and management of this subgroup was highly debated. Determinants of adverse events and indications for treatment are largely unknown and concerns exist on safety and high incidence of reperfusion of treated PAVM in otherwise asymptomatic children.
Ibrahim and colleagues (see Abstract OR34) demonstrated a clear correlation between non-invasive oxygen saturation and serious adverse events (SAE) in a cohort of 164 HHT children up to 15 years of age (mean 9.6 years) during a 12-year period. They found SAE in 5 % of all children of which 63 % were PAVM-related (e.g. respiratory insufficiency, hemoptysis, cerebral abscess or death). Importantly, all children with PAVM-related SAE had an oxygen saturation B92 % (71-92 %) at baseline. They concluded that screening for PAVM in children with pulse oximetry appears to be safe and that chest CT or TTCE may be withheld until around age 16. These results need to be confirmed in future (large) studies.
White and colleagues (see Abstract OR15) evaluated the correlation between symptoms and PAVM in 52 children with known PAVM, of whom 32 (62 %) were asymptomatic. Of these asymptomatic patients, 17 had a PAVM with a feeding vessel [3 mm and 2 patients had diffuse PAVM. The average non-invasive oxygen saturation of the asymptomatic group was 96 % compared to 93.6 % in the symptomatic group. There was a discussion following this presentation about using a 6-min walk test to evaluate these patients in addition to the presence or absence of symptoms [20] .
Treatment of small PAVM in asymptomatic children is controversial due to the potentially increased incidence of complications such as formation of systemic collaterals, hemorrhage, and recanalization. Crawford and colleagues (see Abstract OR35) retrospectively reviewed their longterm outcomes of embolization therapy in 14 children (B18 years) with HHT. They indeed found a high rate of PAVM persistence (70 %) during a mean follow-up of 9.7 years, which was significantly higher than previously reported [21] .
The clinical significance of PAVM persistence after embolization in children remains controversial and re-interventions should be based on a case-by-case risk-benefit analysis. The audience agreed that larger multi-center studies on pediatric PAVM embolization outcomes are needed in order to decide on the best management strategy-especially in asymptomatic children.
Medical treatment of epistaxis in HHT
Recurrent spontaneous epistaxis is the most common symptom of HHT and a major HHT-related health concern affecting quality of life. There were interesting reports on the treatment of epistaxis both medical and surgical.
Gossage and colleagues (see Abstract OR46) presented the results of the NOSE trial (North American Study of Epistaxis in HHT). This was a double-blind randomized controlled trial examining the safety and efficacy of three nasal sprays versus placebo in 121 patients with moderate to severe epistaxis. Patients were randomized to receive 12 weeks of either bevacizumab 1 %, estriol 0.1 %, tranexamic acid 10 % or saline (placebo). All drugs were well tolerated. Placebo resulted in a modest improvement in epistaxis severity score (ESS) and nosebleed frequency. Bevacizumab and tranexamic acid were no better than saline and estriol spray was worse than placebo by several measures. Of special interest was the large potential placebo effect and the observed discrepancy between high subjective improvements compared to only mild objective reductions in epistaxis, which should warn us for subjective measurements in future epistaxis studies. It was suggested that the bevacizumab dose may have been too low.
Meir and colleagues (see Abstract OR9) reported on 6 patients who received 1.5 % propranolol gel intranasally twice daily for 2 months. Treatment was generally well tolerated and resulted in a decrease in ESS from a mean of 7.3 to 4.5.
Smith and colleagues (see Abstract OR44) found that patients with HHT2 had significantly higher ESS compared to HHT1. Retrospective analysis of 45 patients who received antifibrinolytic therapy showed a decrease in ESS with a follow-up of 12.7 months. The minimum clinically meaningful change in ESS and whether this response to antifibrinolytic therapy is genotype-dependent are currently unknown.
Botella and colleagues (see Abstract OR5) presented the results of oral bazedoxifene treatment in 5 post-menopausal patients with HHT. A dose of 20 mg daily over 3 months resulted in a reduction in frequency and severity of epistaxis. The mechanism of action is felt to be from increasing expression of ALK1 and endoglin thereby decreasing expression of VEGF.
The results of seven patients who received 100 mg oral doxycycline twice daily were presented by Meek and colleagues (see Abstract OR10). Treatment for 30 days reduced mean ESS from 4.9 to 2.4. There was discussion whether the mechanism of action related to MMP-9 inhibition and/or the change in nasal flora from the antibiotic action of the drug.
Iyer and colleagues (see Abstract OR47) presented 9 consecutive patients with severe, transfusion-dependent epistaxis and gastrointestinal bleeding who were treated with intravenous bevacizumab. At 9 months follow-up they found a marked decrease in the ESS from 9.1 to 2, cessation of transfusion in 89 %, and improvement in quality of life. No serious side effects were observed. Arizmendez and colleagues (see Abstract OR48) reviewed the literature on intravenous bevacizumab therapy in HHT. Most reports consisted of case reports with limited quality of evidence and dramatic variability in dosages and outcomes, although most studies showed improvement. Future multi-center studies are needed to evaluate the dose response curve and whether dosing should be corrected for body weight.
Surgical treatment of epistaxis in HHT
In addition to medical therapies, changes in surgical techniques were also presented. Piccirillo and colleagues (see Abstract OR11) described their mostly in-office technique of direct puncture sclerotherapy using sodium tetradecyl sulfate (STS) to treat epistaxis in 133 patients with HHT. After one complication of blindness, they changed from using a saline/STS mixture to a low pressure air/STS foam and have had no further serious complications.
Wilson and colleagues (see Abstract OR57) described a surgical technique modifying the traditional three-flap closure of the nostril in the Young's procedure to a twoflap closure. The short term results showed faster procedure time (1.4 vs 3.1 h) and comparable efficacy for the two-flap method versus the tradition method.
Whitehouse and colleagues (see Abstract OR58) described the use of a porcine-derived mucosal graft to resurface the nasal septum as opposed to standard skin grafts. Short-term benefits of this procedure are decreased dryness and crusting and no pain related to a skin-graft donor site, but long term effects are unknown.
Other presentations of interest
Although the RTLS grade on TTCE has been demonstrated to be strongly associated with the prevalence of cerebral ischemic events in HHT patients [15] , other risk factors for PAVM-related cerebral complications are lacking. In a cohort of 497 consecutive patients with CT-proven PAVM, Shovlin and colleagues (see Abstract OR40) found that stroke risk was associated with iron deficiency rather than conventional neurovascular risk factors. Additional studies suggested enhanced platelet aggregation in iron deficiency Angiogenesis (2015) 18:511-524 515 as a potential explanation, and this was exacerbated by serotonin. Whether selective serotonin reuptake inhibitors might decrease ischemic stroke risk-without increasing epistaxis or gastrointestinal bleeding-will be determined in future studies. Pulmonary hypertension (PH) is increasingly recognized in HHT. Vorselaars and colleagues (see Abstract OR52) presented the first study that estimated the prevalence of all-cause PH in a cohort of 277 genetically confirmed HHT patients compared to 106 controls. A right ventricular systolic pressure C36 on echocardiography was identified in 9 % of HHT1 and 18 % of HHT2, compared to 4 % in controls. The presence of hepatic arteriovenous malformations (HAVM) and subsequent high cardiac output was a strong predictor for presence of increased pulmonary pressure. Isolated pulmonary arterial hypertension (PAH) was rare and only found in HHT2 (1.3 %). Despite the occasional description of PAH in HHT1 [22] , there was consensus by the audience that true isolated PAH has never been reported in HHT1. Given the poor prognosis of untreated PH, screening for PH with echocardiography is warranted in all patients with HHT.
Harrison and colleagues (see Abstract OR32) reported a retrospective evaluation for high output heart failure in 134 patients using B-type natriuretic peptide (BNP). A cut-off of BNP [100 pg/mL had a sensitivity of 90 %, specificity of 84 %, and a negative predictive value of 99 % for highoutput heart failure. This was recommended as a screening tool followed by right heart catheterization as the confirmatory test.
Although 90 % of HAVM appear to be asymptomatic, complications like high-output heart failure with PH, portal hypertension, and biliary ischemia may occur. McWilliams and colleagues (see Abstract OR33) proposed a classification scheme using abdominal CT to predict those HHT patients at highest risk of developing complications from HAVM. In 298 patients, contrast-enhanced CT demonstrated HAVM in 45 %. Only diffuse HAVM were related to adverse outcomes. In this group a common hepatic artery diameter C10 mm (grade 3) appeared to be the best predictor for adverse outcomes with an incidence of 39 versus 9 % in those with a diameter \10 mm (grade 1). Before adding abdominal CT to the screening protocol, this proposed grading system should be validated in a larger cohort with longer follow-up. Haploinsufficiency is widely considered to be the mechanism of HHT, but the variable age of onset and expressivity suggest that ''second hits,'' or factors in addition to heterozygosity, determine disease outcome. These factors may be genetic, biochemical, and/or environmental. The goals of this workshop were to critically review the current state of knowledge regarding possible second hits and to set priorities for further research.
Genetic hits
Regarding genetic factors, the primary focus of the discussion was a possible role for somatic mutations-resulting in localized biallelic loss-of-function-in AVM and telangiectasia development. There is ample experimental evidence derived from animal studies suggesting the necessity of a somatic second hit for AVM development: both mouse and zebrafish models of HHT require homozygous mutation for a fully penetrant phenotype [23] [24] [25] [26] [27] [28] [29] [30] [31] . However, no experimental data from human subjects support this notion. There is one published report estimating cell surface endoglin at approximately 50 % of normal within HHT1-related AVM (N = 2), and Sanger sequencing of one of these AVM showed the expected wild type and mutant allele [32] . These data were interpreted as supporting haploinsufficiency. However, sequence data outside of the region surrounding the germline mutation were not shown; therefore, the role of somatic mutation could not be evaluated. We discussed the possibility that somatic mutations, potentially in circulating endothelial progenitor cells that might contribute to multiple vessels, might be a critical factor in lesion development, and we agreed that application of deep sequencing technologies to HHT lesions is required to properly address this possibility.
Biochemical hits
A second mechanism that might generate a localized decrease in functional protein is extracellular domain shedding. The extracellular ligand-binding domain of endoglin can be cleaved by matrix metalloproteinase 14 (MMP14) to produce a soluble form of endoglin that functions as a ligand sink [33] . In heterozygous cells, increased endoglin shedding-for example, as part of an inflammatory or hypoxic response [34] -might lower endoglin levels below a threshold required for maintenance of normal arteriovenous connections. Whether the ALK1 extracellular ligand-binding domain can be shed is unknown; however, endoglin shedding could effectively lower ALK1 signaling, given its ability to maximize BMP9/10-mediated ALK1 activity [35] . The possibility was also considered that stochastic events that transiently lower HHT-associated gene transcription may decrease functional protein below a threshold level and play a critical role in lesion development.
Environmental hits
Also discussed was the role of environmental factors. Evidence was reviewed from zebrafish demonstrating that AVM in alk1 homozygous mutants are not genetically determined but require blood flow [36] , and evidence from adult mice was discussed demonstrating that skin and brain AVM require both induced homozygous deletion of Alk1 or Eng plus an angiogenic or inflammatory stimulus, such as VEGF treatment or wounding [28, [37] [38] [39] [40] [41] . These data from animal models strongly support the idea that, in addition to heterozygous mutation, vascular lesion development requires not only a second genetic or biochemical hit resulting in decreased functional ALK1 or endoglin protein, but also a third environmental hit to trigger angiogenesis, inflammation, and/or vascular remodeling. It will be important to further explore this paradigm both in laboratory models and in HHT patients.
Workshop 2: Why do mutations in ALK1 and ENG result in moderately different phenotypes?
Helen Arthur and Christopher C. W. Hughes
The goal of this workshop was to consider why HHT1 and HHT2 patients have a different, albeit overlapping, profile of clinical symptoms. This was discussed by raising a series of questions to the workshop attendees and discussion of each one in turn.
Q1. Considering the profile of clinical symptoms in Fig. 1 (based on several publications [42] [43] [44] [45] [46] [47] ) it was agreed that the profile of clinical symptoms and age of onset in HHT1 and HHT2 are differentwhy might this be?
It was pointed out that overall in HHT the most highly affected vascular beds are exposed to challenging external environments and typical sites of inflammation (e.g. nose, gastrointestinal tract and skin). Inflammation is considered to be an important trigger, and recent work from Oh and colleagues presented at the meeting (see Abstract OR37) showed that macrophages may be important in arteriovenous malformations (AVM) formation. Interestingly, it was suggested that mucosal telangiectases are more indicative of HHT than dermal telangiectases and that in diagnosis one mucosal lesion is worth several dermal telangiectases! The location of the source of circulating BMP9/10 ligands was considered. The major source of BMP9 is the liver, whilst BMP10 is found in the right atrium of heart. If these are main sources of circulating forms of these ligands, then circulating BMP9 and BMP10 concentrations may be higher in the lung circulation than systemic arteries. Interestingly both endoglin and ALK1 protein expression is very high in lung endothelial cells so it is possible that there is the highest degree of ligand binding in the lung. A comment was made that ALK1 protein is not detectably expressed in liver sinusoids, yet HHT2 is characterized by a higher incidence of hepatic AVM.
Q2. Is expression of endoglin more venous and ALK1 more arterial?
It was agreed that evidence from animal studies suggests endoglin expression is more venous and ALK1 more arterial, but also agreed that ALK1 expression was upregulated by blood flow (shown by work in zebrafish by Corti and colleagues [36] ). It was also considered that endoglin protein could be shed from arterial endothelial cells and/or endocytosed and this may explain reduced endoglin expression in arteries compared with veins. Transcript data should help to further characterize the relative expression of endoglin and ALK1 in arteries and veins. The importance of using freshly isolated primary cells in these types of studies was emphasized because endothelial cells rapidly change their phenotype during cell culture.
Pulsatile flow is important to maintain vessel integrity. Heart failure patients given a ventricular assist device can develop bleeding AVM [48] , whilst congenital heart patients following certain surgeries producing non-pulsatile flow also develop AVM. For example, the classic Glenn anastomosis to connect superior vena cava to right pulmonary artery leads to pulmonary AVM with a reported incidence up to 25 %. The interesting possibility was raised that loss of pulsatile flow may reduce ALK1 expression leading to AVM.
The threshold of endoglin protein expression may be key to HHT tissue specificity. For example, HUVEC normally express high levels of endoglin protein so reduced levels in HHT1 may not affect HUVEC function and telangiectases are not found in the umbilical cord. Other tissues which normally have lower levels of endoglin in physiological conditions may be more susceptible to vascular malformations when levels are further reduced in HHT1 patients. Therefore loss of endoglin below threshold levels may be a factor to explain tissue specificity of vascular lesions in HHT1. A similar threshold effect may apply to ALK1 expression in HHT2.
Using the mouse retinal model to investigate vessel development, it has been shown that AVM express venous markers [10, 25, 49] . New unpublished data presented at the meeting by Ola and colleagues (see Abstract OR45) using the same model showed that mosaic loss of Alk1 in arteries gave no AVM but mosaic loss in veins did lead to AVM, suggesting AVM were venous in origin.
A detailed study of ALK1 expression is merited, especially in the liver. It was noted that PF-03446962, an anti-ALK-1 humanized monoclonal antibody, showed benefit in hepatocellular carcinoma but not in other tumor types tested in a Phase 1 clinical trial on all solid tumors, consistent with the hepatic source of BMP9 (unpublished work presented at the ASCO 2014 meeting).
Q3. What about lymphatic vessels-are these involved in HHT?
Loss of Alk1 leads to enlarged lymphatic vessels in mouse models [50] , similar to the effect of Alk1 depletion in vascular endothelial cells, which results in increased endothelial cell proliferation. Endoglin is expressed on lymphatic vessels (although at lower levels than blood vessel endothelium) so we also now need to examine whether there is a lymphatic phenotype in Eng mutant mice.
Q4. Do the different roles of ALK1 and endoglin in the TGFb/BMP signaling pathway explain their different phenotypes?
Overall it was surprising how similar the clinical phenotypes of HHT1 and HHT2 actually were in light of the different signaling roles of endoglin and ALK1, with endoglin being a co-receptor for BMP9/10, TGFb1 and TGFb3, and ALK1 being a signaling receptor with a high affinity for BMP9 & 10.
In the field of cancer research, ALK1 is generally considered to be a pro-angiogenic molecule. Thus, targeting ALK1 would provide an anti-angiogenic therapy to reduce tumor growth. However, in HHT research, BMP9 signaling through ALK1 is considered to have an anti-angiogenic effect. The challenge therefore is how to reconcile these two opposing views. It is possible that BMP9 has a biphasic response in endothelial cells, parallel to the known biphasic effects of TGFb1 in cancer, the different effects depending on the cancer stage (TGFb is tumor-protective at early stages but pro-tumorigenic at later stages). Also, as TGFb/BMP signaling is very context dependent, the physiological situation is really important to take into account. This is especially important when considering the outcomes of in vitro culture studies.
In terms of signaling, it is not known whether AVM are due to defects in canonical (SMAD) or non-canonical (e.g. MAPK) signaling pathways. ERK and AKT signaling are both increased in ALK1 mutant endothelial cells and inhibition of VEGFR2 rescues the AVM phenotype of the Alk1-inducible knockout (iKO) neonatal mouse retina, although not in the dermal wound healing model. The results from these mouse models were presented in more detail by Ola and colleagues (see Abstract OR45) and Oh and colleagues (see Abstract OR18) during the symposium and the possibility of different pro-angiogenic mechanisms at work in neonatal angiogenesis models versus wound healing models was discussed. The corollary of this argument is that different rescue mechanisms may be required depending on whether the AVM form under conditions of normal developmental angiogenesis or in the context of pathological angiogenesis.
There was a general consensus that the TGFb type I receptor (ALK5) is expressed in endothelial cells, despite an earlier publication to the contrary. Also, the Alk5 (and Tgfbr2) endothelial specific knockout (KO) mice have a vascular phenotype. However the role of TGFb signaling in HHT is unclear. It may play a secondary role, with the primary HHT pathway being BMP9/10-endoglin-ALK1 signaling.
Q5. Why are AVM more dynamic in the Eng-iKO mouse than in the Alk1-iKO mouse?
Garrido-Martin and colleagues have directly compared the dynamics of AVM formation in a dermal wound model in the absence of endothelial endoglin or absence of endothelial ALK1 [38] . It was felt that there was maybe too little understanding of the dynamics of AVM development in the different models to comment at this stage. Early age of onset Incidence Fig. 1 Profile of clinical symptoms in HHT1 and HHT2. This table summarizes the relative age of onset and incidence of clinical symptoms in HHT1 and HHT2. The thicker part of the triangle is located in either HHT1 or HHT2 according to which disease has earlier age of onset (green) or higher incidence (red) of each of the listed clinical symptoms. Data are compiled from references [42] [43] [44] [45] [46] [47] Q6. Are the different reported roles of ALK1 and endoglin (summarized in Fig. 2 ) due to real differences in function or incomplete analyses?
Sol-endoglin is associated with pre-eclampsia, but it is not yet known if there is a soluble form of ALK1 that could have any role in this disorder. Nor is it known whether the non-overlapping roles of endoglin and ALK1, e.g. role of endoglin in regulating fibrosis, has any relevance to HHT. Endoglin has a role in regulating eNOS activity and vascular tone, whilst a similar role has been reported for ALK1 in regulating eNOS coupling. These roles of endoglin and ALK1 in regulating vascular tone could be critical for HHT.
Workshop 3: What is the current role of medications in the treatment of HHT-related epistaxis?
Urban Geisthoff and James R. Gossage
Epistaxis is the most frequent symptom of HHT and can severely affect quality of life. Although multiple drugs have been studied for HHT related epistaxis (HRE), high-quality evidence is sparse and therefore it is difficult for the clinician to make an informed choice. The goals of this workshop were to critically review the current published evidence for various therapeutic agents in HRE and to discuss their optimal use in clinical practice. Throughout this workshop the moderators posed various clinical practice questions to the participantsapproximately 40-50 clinical experts in HHT. All studies cited below refer to patients with HRE unless otherwise noted.
Antifibrinolytics
Probably the best evidence exists for tranexamic acid (TA), an antifibrinolytic drug. Two randomized controlled trials (RCT) showed that TA, 1 gm thrice daily, significantly reduced nosebleeds in HRE and showed a trend toward reduced hemoglobin levels versus placebo [51, 52] . Case reports have suggested a benefit from topical TA but a recent RCT in 61 patients did not show a significant effect over placebo (see Abstract OR46). When queried by the moderators, 80-90 % of the audience agreed that TA was probably effective in HRE and some have seen improved hemoglobin. Thrombosis is frequently quoted as a potential complication of TA. However, none of the participants had ever seen a thrombotic event resulting from the use of TA in HRE. Several participants noted that TA seems to reduce the intensity and duration of HRE more than the frequency, and sometimes the result can be dramatic. Other conclusions included: typical starting doses are 650-1300 mg tid; TA should be stopped if no treatment effect is visible after several weeks; and the lowest effective dose should be sought.
There are only case series and case reports about eaminocaproic acid, another antifibrinolytic drug. It is probably similarly effective, bit in vitro it is only 10 % as potent as TA. Most participants had limited experience with this agent.
Anti-VEGF therapies
Plasma vascular endothelial growth factor (VEGF) is elevated in HHT [53] . Multiple case series and case reports of at least 60 patients, with the largest including 25 patients [54] , have described a reduction in HRE from intravenous Fig. 2 Overlapping and different reported roles of ALK1 and endoglin. ALK1 (also known as ACVRL1) and endoglin (ENG) have been reported to have overlapping roles in angiogenesis, arteriovenous malformations. However, different roles have also been reported; for example, endoglin has been shown to be associated with pre-eclampsia whilst ALK1 is associated with lymphangiogenesis. The question raised is whether these reports reflect true differences in the roles of these two genes or just incomplete analyses?
Angiogenesis (2015) 18:511-524 519 bevacizumab (BEV, an anti-VEGF antibody). The usual dose has been 5 mg/kg every 2 weeks for 6 courses, followed by additional doses every 3-12 months as needed.
One uncontrolled prospective study of 6 patients suggested benefit from 0.125 mg/kg every 4 weeks [55] . A RCT of submucosal nasal injection of 100 mg BEV showed a trend toward improved HRE over placebo in 15 patients [56] . Two RCT of intranasal BEV spray in 97 patients showed no significant benefit over placebo [57] (see Abstract OR46). Overall, most participants felt confident that intravenous BEV is effective and well tolerated in HRE. Unanswered questions include: the optimal dose, duration of maintenance therapy, and long-term side effects for intravenous BEV; whether topical use of BEV at higher doses or gel vehicles might be more effective; and whether some patients have a rebound worsening of epistaxis after stopping BEV.
Thalidomide is another drug with antiangiogenic properties. A report of 7 patients [58] and several case reports suggested benefit. Typical doses have been 50-200 mg daily. One report of 12 patients showed that 8 patients discontinued thalidomide due to side effects (see Abstract P49). About 50 % of participants felt that thalidomide was effective, though also the drug of last resort due to severe side effects such as thrombotic events and peripheral neuropathy. One participant reported anecdotal benefit in about 25 patients using 50 mg daily or every other day.
Hormonal therapies
Estrogens have been extensively reported on in HRE but the evidence is mostly low quality. Potential mechanisms of benefit include induction of squamous metaplasia of nasal mucosa and prothrombotic effects. In a thorough review of mostly uncontrolled studies, Jameson concluded that high dose estradiol (0.25-1 mg daily) is probably effective but also associated with potentially serious side effects; contraceptive doses of estrogen (0.02-0.05 mg daily) are possibly effective [59] . A RCT in 10 patients with bleeding gastrointestinal angiodysplasias-6 of whom had HHT-showed decreased blood transfusion for combined estrogen and progesterone versus placebo [60] . However, a RCT of estradiol valerate 4 mg daily in 31 patients with HRE did not show a significant improvement but only a trend [61] . It was discussed that a progesterone component might be important for the efficacy and that this efficacy may be especially high for those progesterones with a higher frequency of thrombotic side effects. Several case series and one small unblinded RCT [62] have suggested that topical estriol 0.1 % ointment is effective in reducing HRE. However, this study used different ointment bases for placebo and estriol. Additionally, a RCT in 58 patients showed that estriol 0.1 % nasal spray was less effective than placebo for some endpoints (see Abstract OR46). Participants suggested that the positive effects seen in practice and case series might have resulted from the humidifying properties of the drug incipient (e.g. peanut oil or petrolatum). The main side effects noted by participants have been mood changes and breast enlargement/tenderness.
Tamoxifen is a selective estrogen receptor modulator (SERM). A double-blind RCT in 25 patients with HRE found a significant improvement in nosebleeds and haemoglobin for tamoxifen 20 mg daily versus placebo [63] . A prospective uncontrolled study of raloxifene, another SERM, also suggested benefit [64] . However, both studies had methodologic limitations and some participants observed that the effect of tamoxifen often waned over time.
Overall, 10-30 % of participants felt that hormones are beneficial in HRE, but many participants had never used these drugs for HRE.
Beta blockers
Beta blockers like propranolol and timolol have been reported to reduce nosebleeds when given topically to 8 patients (from several small series) or to 7 children with idiopathic epistaxis [65] . Potential mechanisms of action include vasoconstriction, inhibition of VEGF, and various effects on endothelial cells. The clinical experience of participants was mixed-most had not tried beta blockers and those who had were mostly unimpressed with results. One participant was optimistic and thought that gels might be more effective than drops or sprays (see Abstract OR9).
Other therapies
N-acetylcysteine 600 mg thrice daily reduced nosebleeds in an observational pilot study of 43 patients [66] . The effects were especially seen in male HHT1 patients. Potential mechanisms include oxide scavenging and nasal humdification through the side effect of rhinorrhea. As side effects of this over-the-counter drug are negligible, the majority of participants agreed that it is worth trying, though the true benefit remains unknown.
The importance of nasal mucosal humidification has been stated in numerous publications on HHT [16] . A recent observational study of sesame oil supported this experience [67] . We discussed whether topical treatments with different consistencies (e.g. saline, gels, and ointments) might have different efficacies, but there are no data to answer this question.
Conclusions
The participants agreed that preventive nasal humidification is the most important first step in treating HRE. Addition of various drugs to saline has thus far proven no more effective than saline alone. However, the efficacy of drugs added to gels or ointments has not been adequately studied. Systemic medications with few side effects like TA or N-acetylcysteine were regarded the next appropriate step by the participants. Alternatively, or as the next step after, the participants recommended surgery with a low risk profile, mainly endonasal coagulation (e.g. laser). Other systemic drugs like thalidomide and bevacizumab, or more invasive surgeries including septodermoplasty and nasal closure, seem more appropriate for refractory epistaxis. There are no data on combination therapy. 
Management of diffuse PAVM
The session began with a discussion of definitions. Diffuse pulmonary arteriovenous malformations (DPAVM) are characterized by many small arteriovenous connections, lack of normal distal pulmonary branches, and no sac [68, 69] . There is overlap between complex PAVM and DPAVM in terms of the number of feeding vessels but complex ones have a sac and diffuse ones do not. A DPAVM is like a peripheral systemic AVM with a true nidus; yet we would never treat a systemic AVM primarily with coils. So why do we do so in DPAVM? Because we cannot use glue or liquids for risk of paradoxical embolization. The extent of DPAVM is best evaluated by computed tomography (CT) in adults, or CT and pulmonary arteriography children, but only if symptomatic. Why treat a child with DPAVM? Most participants seemed not in favor of treating an asymptomatic child unless they had severe desaturation. When treating a patient with DPAVM, any simple or complex PAVM is first embolized. For the DPAVM itself, a distal to proximal embolization permits a peripheral flow redistribution towards less involved areas [69] . Results of DPAVM embolization are quite satisfactory, with an improvement in the quality of life and diminution in systemic complications [68] . But, published series have had significant morbidity and mortality even after embolization [68, 69] . Then, a discussion of how to treat centered on surgery versus embolization. With embolization we create a disease we cannot control.
While DPAVM causes bronchial and systemic supply to hypertrophy without treatment, treatment may make it worse by not treating deep enough in the nidus. This may lead to hemoptysis precipitated by cough, which can occasionally be fatal even in the absence of prodromal symptoms (see Abstract P57).
Patients with bilateral DPAVM typically have no choice but embolization or transplantation, but those with unilateral DPAVM may be surgical (lobectomy or pneumonectomy) candidates. Why consider surgery? Concerns were raised from participants about new PAVM growing after surgery; in fact this does not happen, and any small simple PAVM can still be treated with embolization, which remains the mainstay and standard-of-care for these and complex PAVM. Surgery eliminates desaturation and risk of hemoptysis. We can cure simple PAVM with embolization, but we only can improve DPAVM with embolization because we know now that there is an unpredictable risk of delayed hemoptysis. Usually, only a surgeon can cure DPAVM. Thus, surgery could be considered in the treatment options for non-bilateral DPAVM. However, one must not ignore risks of hemorrhage during surgery especially due to transpleural systemic-to-pulmonary collaterals. The possibility of preoperative systemic arterial embolization was discussed, as well as technical aspects; all participants agreed that very large particles (C900 micron) should be used, The role of surgery as initial treatment of non-bilateral DPAVM remains unclear and will require future analysis of risk factors that may contribute to hemoptysis and long-time follow-up of patients treated with surgery.
PAVM with persistence
Persistence is defined as contrast enhancement within an embolized PAVM on CT, even when sac retraction seems complete. This occurs in 5-30 % of treated PAVM [70] [71] [72] . There are four implicated mechanisms: There is a constant interaction of these types of persistence: preponderant RTLS leading to systemic complications (e.g. cerebral abscess or stroke) via paradoxical emboli; balanced RTLS versus LTLS (i.e. systemic artery to pulmonary vein) shunt with false negative pulmonary angiography (as seen in a Rasmussen aneurysm), and preponderant LTLS with risks of hemoptysis and left cardiac failure but not paradoxical emboli. There was discussion of the indications for re-embolization in case of persistence as well as the difficulty and occasional worse results in doing so. The consensus was that sac growth or recurrent symptoms would warrant treatment. The optimal approach to patients with inadequate sac retraction (i.e. \70 %) after embolization is unclear, though some favor repeat embolization.
Treated PAVM and hemoptysis
While hemoptysis is most common after DPAVM embolization, even some complex PAVM may result in hemoptysis after treatment. Surgery should be considered any time embolization results in significant hemoptysis (see Abstract P46). The vascular steal phenomenon around the PAVM is a possible cause of systemic collaterals before embolization. This phenomenon can be replaced by ischemic consequences of embolization, leading to systemic collaterals of the embolized area after embolization. Again, embolization may create another disease which is difficult to control. Hemoptysis is an uncommon symptom of an untreated PAVM, caused by tracheobronchial telangiectases (well-tolerated small volume hemoptysis), or by life-threatening rupture which can occur at any age, even early in life [69] . The mechanisms of hemoptysis in the post embolization setting might include rupture of an embolized PAVM, rupture of pulmonary-to-pulmonary mesh network or more commonly from systemic circulation (bronchial or transpleural systemic arteries) flowing towards the PAVM. Therapeutic options for hemoptysis can be explored with AngioMR 4D sequences, CT angiography, or pulmonary and/or systemic arteriography [69, 73] . AngioMR 4D permits differentiation of a RTLS (with enhancement of the PAVM in the pulmonary phase) from a LTLS (with enhancement of the PAVM in the aortic phase). Hemoptysis with a RTLS is managed with the usual techniques of pulmonary embolotherapy. However, in the setting of a LTLS, there is a risk of systemic embolization via systemic connections with the PAVM and hence pulmonary vein; thus large (C900 micron) particles of polyvinyl acetate are commonly used. The late onset of fatal hemoptysis without prodromal symptoms after complex PAVM embolization raises the issue of a preventive systemic embolization. Surgery should be considered in cases of failure of systemic embolization (see above).
